The combination of oceanographic barriers and habitat heterogeneity are known to reduce connectivity and leave specific genetic signatures in the demographic history of marine species. However, barriers to gene flow in the marine environment are almost never impermeable which inevitably allows secondary contact to occur. In this study, eight sampling sites (five along the South African coastline, one each in Angola, Senegal and Portugal) were chosen to examine the population genetic structure and phylogeographic history of the cosmopolitan bluefish (Pomatomus saltatrix), distributed across a large South-east Atlantic upwelling zone. Molecular analyses were applied to mtDNA cytochrome b, intron AM2B1 and 15 microsatellite loci. We detected uncharacteristically high genetic differentiation (F ST 0.15-0.20; Po0.001) between the fish sampled from South Africa and the other sites, strongly influenced by five outlier microsatellite loci located in conserved intergenic regions. In addition, differentiation among the remaining East Atlantic sites was detected, although mtDNA indicated past isolation with subsequent secondary contact between these East Atlantic populations. We further identified secondary contact, with unidirectional gene flow from South Africa to Angola. The directional contact is likely explained by a combination of the northward flowing offshore current and endogenous incompatibilities restricting integration of certain regions of the genome and limiting gene flow to the south. The results confirm that the dynamic system associated with the Benguela current upwelling zone influences species distributions and population processes in the South-east Atlantic.
INTRODUCTION
Identifying the processes driving population structuring and divergence within a species is essential for understanding its evolutionary dynamics. In the marine environment, high dispersal and limited genetic differentiation are often observed over large spatial scales (Palumbi, 1994; O'Reilly et al., 2004) . However, a growing number of cases illustrate that divergence also occurs across limited geographic distances (Hauser and Carvalho, 2008; Hellberg, 2009 ). In addition, within the marine environment, barriers to gene flow that may lead to initial divergence are often not persistent, allowing sporadic gene flow between two populations to occur through time (Gaither et al., 2011) . Due to the nature of most oceanographic barriers and the life history traits of many marine organisms (for example, benthopelagic life cycle) this sporadic gene flow leads to introgression of the neutral portions of the genome (Bierne et al., 2011 .
A number of marine studies have found an association between high genetic differentiation (F ST outliers) and differing ecological environments, which could arise through local adaptation to specific environments (exogenous barriers; Hemmer-Hansen et al., 2007; Larmuseau et al., 2009) , or allopatric divergence with recent secondary contact (due to endogenous barriers; Bierne et al., 2011; Gagnaire et al., 2011) , among others. Genetic divergence in the marine environment is often driven through transient physical barriers that arise due to sea-level changes and oceanographic barriers such as eddies, currents and upwelling zones, which are dependent on the climatic setting at a specific time (Cowen et al., 2000) . These transient barriers allow gene flow to occur when conditions are favorable leading to high rates of introgression across these barriers (Bierne et al., 2011; Gagnaire et al., 2015) . However, when strong genetic differentiation persists across such semi-permeable barriers, it is probable that processes other than genetic drift alone are limiting gene flow (Gagnaire et al., 2011; Quéré et al., 2012) .
A number of recent marine studies have highlighted these processes, especially in hybrid zones or through evidence of past secondary contact (Gagnaire et al., 2009; Bierne et al., 2011; Quéré et al., 2012; Roux et al., 2013) . These studies have identified heterogeneity of differentiation among loci, with few loci showing much larger divergence whereas others showed weak divergence or genetic homogeneity. These patterns are thought to form in tension zones which are the areas where populations of differing genetic backgrounds overlap and interbreed. These zones often coincide with natural barriers (Barton, 1979; Hewitt, 1988) , or regions characterized by ecological gradients when exogenous and endogenous barriers become coupled (Bierne et al., 2011) .
The heterogeneous features of the coastal waters of the East Atlantic (EA, Figure 1a ) have the potential to affect genetic diversity and connectivity of marine organisms. Regional differences in the continental shelf depth and slope, temperature, salinity, apparent oxygen use, nutrient concentrations (for example, silicate, nitrate and phosphate; Silva et al., 2014b) and intense upwelling (Hutchings et al., 2009 ) have been observed. Two intense upwelling zones have been described; the first is an upwelling off the coast of Morocco/ Mauritania, and the second is the cold Benguela upwelling on the border of South Africa and Namibia. There are two cold currents which flank the tropics in this region (the northward flowing Benguela current along southern Africa and the southward flowing Canary current in the North-east Atlantic; Figure 1 ). Along the South African coast specifically, the warm Agulhas current meets the Benguela current at the Agulhas Bank and forms the Indian/Atlantic Ocean transition zone which has been identified as a phylogeographic break in some coastal species (Teske et al., 2011 (Teske et al., , 2014 . Also, the front between the Agulhas and Benguela currents has been shown to shift seasonally, leading to different positions of the hybrid zone in bigeye tuna (Durand et al., 2005a) .
Genetic studies on species from the East Atlantic region (not including South Africa) have identified several genetic breaks using mitochondrial DNA (mtDNA; Chikhi et al., 1998; Durand et al., 2005b) . The sub-structuring described in the region was further characterized in Ethmalosa fimbriata, with four distinct nuclear genetic clusters identified (Durand et al., 2013) . Studies focused on species Figure 1 (a) Map of oceanographic features and sampling sites of Pomatomus saltatrix in the East Atlantic. Circles indicate sampling sites (Mediterraneanred; Portugal-orange, Senegal-light orange, Angola-yellow, South Africa-green). The arrows indicate the major currents and relative temperature: CC, Canary Current, NEC, North Equatorial Current, ECC, Equatorial Counter Current, GC, Guinea Current, AnC, Angolan Current, SEC, South Equatorial Current, BC, Benguela Current, AgC, Agulhas Current, the light blue shading indicates the upwelling zone at Lüderitz, Namibia. Haplotype networks based on (b) 1039 bp of cytochrome b and (c) 484 bp of AM2B1 with a 95% connection limit, the numbers in the circles represent the number of sequences to provide scale. (d, e) Two clusters were identified as the most likely based on all microsatellites, namely South Africa (SA) and the North East and Central Atlantic (Portugal (POR) and Senegal (SEN) and Angola (ANG, indicated in Orange)) using STRUCTURE 2.3.2. South African sampling sites are indicated in green and consist of Berg River (BR), False Bay (FB), East London (EL), Port Edward (PE) and St Lucia (SL).
Secondary contact in SE Atlantic P. saltatrix K Reid et al distributed across the cold Benguela upwelling have reported divergences between South African populations and those located further north (Grant and Bowen, 1998; Teske et al., 2011; Henriques et al., 2012 Henriques et al., , 2014 Henriques et al., , 2015 . Others found evidence of secondary contact of divergent South African haplogroups in the North-east Atlantic (Sala-Bozano et al., 2009) . The bluefish Pomatomus saltatrix is a species of particular interest in this region. It is a cosmopolitan coastal species occurring in most warm-temperate regions globally, and has the potential to disperse over large distances during both the pelagic larval stage and the vagile adult stage (Juanes et al., 1996) . All life stages exhibit temperaturedependent behavior, with the adults of most populations migrating to warmer waters during seasonally cooler periods and preferentially spawning at temperatures ranging between 20 and 26°C (Juanes et al., 1996; Sebastés et al., 2012) . A previous broad-scale study based on mitochondrial restriction fragment length polymorphisms reported a close genetic relationship between populations of South Africa, Portugal and North America, in relation to populations occurring in Australia and Brazil (Goodbred and Graves, 1996) . Additional studies in the Mediterranean and western North Atlantic have indicated sub-structuring and potential male-biased dispersal (Pardiñas et al., 2010; Miralles et al., 2014a, b) .
This species is distributed across several environmental features of the East Atlantic including both the major upwelling zones, as well as the Indian/Atlantic transition. Bluefish has a continuous distribution around the South African coastline and is found in both the coldtemperate and warm-temperate biogeographic regions. A large portion of this population has been observed to undergo an annual spawning migration from these habitats to the KwaZulu-Natal north coast (for example, St Lucia located in a warm-temperate biogeographic region; Figure 1 ) during the austral spring (Van der Elst, 1976) .
In this study, we investigated the role of oceanographic barriers in shaping genetic differentiation in P. saltatrix across the EA, by including sampling from Portugal, Senegal, Angola and South Africa. We also evaluated the population genetic structure of the South African population across a known southern African phylogeographic break. To do so, we analyzed gene sequences (mtDNA cyt b and nuclear intron AM2B1), as well as a set of 15 microsatellite loci. We assessed the genetic patterns observed and quantified demographic parameters for this species along the West and southern African coastline.
MATERIALS AND METHODS

Sampling and laboratory procedures
Collections of P. saltatrix tissue were obtained from the EA and around the tip of South Africa into the Indian Ocean (Figure 1a ). Sampling sites in South Africa included Berg River (n = 29) and False Bay (n = 38) in the EA, as well as East London (n = 28), Port Edward (n = 30) and St Lucia (SL; n = 30) in the South Western Indian Ocean. Samples were also collected from three sites north of the Lüderitz upwelling zone: Angola (n = 36), Senegal (n = 11) and Portugal (n = 16). Fin clips and muscle tissue were taken and stored in 95% ethanol or tissue storage buffer and then kept at − 20 and 4°C, respectively. DNA was extracted using the Qiagen DNeasy extraction kit according to the manufacturer's specifications (Qiagen, CA, USA).
A 1078-bp fragment of the cyt b gene region (Supplementary Data S1, designed following the technique of Hoareau and Boissin, 2010 ) and a 488-bp region of alpha amylase intron 1 (AM2B1; Hassan et al., 2002) were sequenced in samples from all locations. The same polymerase chain reaction (PCR) and sequencing protocol was followed for both loci: PCR volumes of 25 μl included 100 ng of genomic DNA, 0.3 mM dNTPs (Promega, Madison, WI, USA), 0.5 U Supertherm Taq polymerase (Separation Scientific, Cape Town, RSA), 1 × PCR buffer (100 mM Tris-HCl, 500 mM KCl, pH 8.4), 1.5 mM MgCl 2 and 2pmol of forward and reverse primers (Whitehead Scientific). The amplification protocol included a denaturation step of 94°C for five minutes, and 35 cycles of 94°C for 30 s, 45 s of annealing at 55°C, extension of 72°C for 45 s, and a final extension step of 72°C for 7 minutes. PCR products were purified using Sephadex beads (Sigma-Aldrich), and cycle sequenced in both directions. Sequencing was done on an ABI3500xl automated sequencer (Applied Biosystems, Foster City, CA, USA). Six full length cyt b sequences already available for P. saltatrix from the North-east Atlantic/Mediterranean were downloaded from GenBank (accession numbers, sampling sites in Supplementary Table S1 ). Sequences were edited and assembled in CLC Bio Workbench 4.1.1 (CLC Bio A/S, Aarhus, Denmark). The various nuclear alleles for AM2B1 were reconstructed in DNASP 5.10 (Librado and Rozas, 2009) using the Bayesian PHASE algorithm (Stephens et al., 2001; Stephens and Donnelly, 2003) . Two additional mtDNA regions, NADH Dehydrogenase 2 (ND2, primers, CJ Oosthuizen, unpublished data) and control region (CR; Chen et al., 2012) were sequenced in a small subset of samples following the above-mentioned protocol to clarify whether shared haplotypes identified in cyt b were more likely due to mtDNA introgression or ancestral polymorphism (Supplementary Figure S1) .
The collected tissue was screened for variation at 15 polymorphic microsatellite loci (Supplementary Table S2 ). These included six microsatellites developed by Dos Santos et al. (2008) , three newly developed loci from previous Fast Isolation by AFLP of Sequences COntaining repeats (FIASCO) enrichment (Zane et al., 2002) and cloning by Dos Santos et al. (2008) , and six dinucleotide loci designed in conserved intergenic regions (IGRs) of four fish genomes (Gotoh et al., 2013) . The loci were screened in three multiplex reactions and genotyped using the Qiagen Quantitect multiplexing kit (Qiagen) according to the manufacturer's specifications (multiplexes, Supplementary Table S2) on an ABI3130 automated sequencer (Applied Biosystems).
Data analysis
MEGA 5 (Tamura et al., 2011) was used to align assembled sequences (CLUSTALW; Thompson et al., 1994) , and to identify the best-fit mutation model for the cyt b data. The number of haplotypes (H), haplotype diversity (H d ), nucleotide diversity (π), estimates of y based on the number of segregating sites (θ S ), mean pairwise differences (θ π ) and neutrality tests (Fu's Fs and Tajima's D) were calculated for cyt b using ARLEQUIN 3.11 (Excoffier et al., 2005) . Genetic differentiation (Φ ST ) among populations for cyt b and AM2B1 sequences was also calculated in ARLEQUIN. Haplotype networks were constructed based on statistical parsimony in TCS 1.2.1 (Clement et al., 2000) using a 95% connection limit.
Tests for null alleles were done with FREENA (Chapuis and Estoup, 2007) . Summary statistics for the microsatellite loci were calculated with GENETIX 4.05 (Belkhir et al., 1996 (Belkhir et al., -2004 , and included: the number of alleles (N A ), observed (H O ) and expected (H E ) heterozygosity, and inbreeding coefficient (F IS ; Weir and Cockerham, 1984) , for each locus in each sampling site. Tests for deviations from Hardy-Weinberg equilibrium (HWE) among populations and linkage disequilibrium between loci were performed with GENEPOP (Rousset, 2008) . When multiple statistical tests were performed, sequential Bonferroni correction was implemented (Rice, 1989) . Tests for the presence of outlier loci among microsatellites were conducted with LOSITAN (Antao et al., 2008) . Pairwise tests between sites were implemented for the step-wise mutation model (SMM; Kimura and Ohta, 1978) , with 50 000 iterations and a 95% confidence interval.
To assess the spatial genetic structuring of P. saltatrix along the west coast of Africa, genetic differentiation (F ST ; Weir and Cockerham, 1984) was calculated with FREENA that provides F ST values that are corrected for any potential null alleles using the excluding null alleles method (ENA; Chapuis and Estoup, 2007) . These corrected estimates are expected to avoid any potential bias, as null alleles are known to be more frequent in high gene flow species such as most marine organisms (O'Reilly et al., 2004) . Genetic differentiation was also calculated between specific sampling sites off the South African coast.
A Bayesian clustering method was implemented to determine the most likely number of independent populations (STRUCTURE 2.3.2; Pritchard et al., 2000) . Several values of the number of populations (K = 1-6) were tested, with 10 iterations of each K with a burn-in length of 300 000 followed by 300 000
Secondary contact in SE Atlantic P. saltatrix K Reid et al Markov-Chain Monte-Carlo (MCMC) steps. The sampling site was specified as prior, with uncorrelated allele frequencies (Hubisz et al., 2009) . The ad hoc statistic ΔK (Evanno et al., 2005) was used to confirm the most likely number of populations with STRUCTURE HARVESTER (Earl and VonHoldt, 2012) .
To assess demographic parameters of P. saltatrix, the isolation-withmigration model (IMa) was implemented in IMa 1.0 (Hey and Nielsen, 2007) . The full IMa model (including all parameters) was applied using all loci combined, with population 1 defined as the East Atlantic (including Portugal, Senegal and Angola) and population 2 as South Africa (input file, Supplementary Data S2). Additional IMa runs were done for each data set separately to characterize individual marker-type patterns across the Benguela upwelling zone (Angola vs South Africa). The IMa program uses a metropolis coupling MCMC method to estimate the posterior probability of various demographic parameters. The parameters estimated were the current effective population size of each population (θ 1 , θ 2 ), ancestral population size (θ A ), the time of divergence (t split ) and the direction and extent of gene flow (m 1 , m 2 ) between descendent populations. To account for possible time-dependency of the rate of molecular evolution (Ho et al., 2005) , a mutation rate of 9.4% per million years with a s.d. of 2.45% was used for cyt b based on a calibration derived from the calibration of demographic transition method using demographic processes of expansion of stickleback in the North Atlantic (Hoareau, 2016) . A mutation rate of 1x10 − 5 was chosen for each microsatellite locus, which is within the known range of mutation rates for microsatellites (Selkoe and Toonen, 2006) . Due to the lack of a known mutation rate for intron AM2B1, only the raw estimates are reported for this locus when run individually as they are not influenced by the mutation rate. The generation time used for P. saltatrix was 4.8 years (www.iucn.org). Parameters were set through several runs and included a burn-in of 2 × 10 6 and chain mixing with parameters -f g -n 40 -g1 0.6 -g2 0.85 for the combined data set and a burn-in of 1 × 10 8 and chain mixing (-ft -n5 -g1 0.05 -g2 2) for individual marker data sets. The accuracy of the various runs was established by having an effective sample size larger than 50 and no significant autocorrelations. Once the criteria were met, three independent iterations were done with random seeds for each data set. The input file for the combined data set is available in Supplementary Data S2.
RESULTS
Sequence analysis of 86 individuals resulted in 37 cyt b haplotypes (GenBank accession numbers: KX196669-KX196754). Samples from South Africa had the lowest haplotype and nucleotide diversity compared with the other sampling sites and also had negative and highly significant values of Fu's F S and Tajima's D (Table 1) . South Africa formed a haplogroup distinct from the sampling sites north of the Benguela upwelling zone, which comprised three haplogroups with shared haplotypes between them. The Angolan samples also shared three haplotypes with South Africa (15% of Angolan samples had South African haplotypes). Aside from these haplotypes, South Africa did not share haplotypes with other sampling sites (Figure 1b) . Sequencing of CR and ND2 regions for the Angolan individuals sharing South African cyt b haplotypes allowed for the exclusion of ancestral polymorphism (Supplementary Figure S1) . The nuclear intron (AM2B1) resulted in the analysis of 44 individuals (15 RSA, 29 NEA) and 14 unique haplotypes (GenBank accession numbers: KX196605-KX196648). No shared haplotypes between South Africa and the rest of the EA were observed at this locus. Among these other sites, Angola showed a number of private haplotypes ( Figure 1c and Table 2 ).
The microsatellite loci showed no evidence of linkage disequilibrium. Two loci showed null alleles at several locations (although not all) and were removed from further analyses (Elf44, 7% and Elf37, 15% average across sampling locations). Standard F ST estimates were highly correlated to F ST corrected for the presence of null alleles (R = 0.99, Po0.001), which indicates that null alleles did not significantly affect the conclusions of the study. However, we still report the corrected F ST values in Table 2 . Summary statistics for each marker and each sampling site are indicated in Supplementary Table  S3 . There were few deviations of genotypic distributions from the expectations of HWE. Using LOSITAN for pairwise comparisons of South Africa to other locations, five outlier loci were identified: Orla2-91, Orla12-160, Orla6-313, Orla8-113 and Orla9-204 (Supplementary  Table S5 ). No outlier loci were identified when considering only sampling sites within South Africa, or between the sites north of the upwelling zone.
Both the sequence and microsatellite loci indicated population subdivision between South Africa and the other locations. On the basis (Weir and Cockerham, 1984) , below the diagonal id the F ST for all 13 microsatellite loci and indicated in brackets the eight non-outlier and the five outlier loci F ST s, respectively. The values in bold are significant (P-value o0.001), except for POR-SEN (P-value o0.05).
of cyt b, all pairwise comparisons involving South Africa were significant (average Φ ST 0.61, P-value o0.001). When South Africa was excluded, pairwise tests showed no significant differences (average Φ ST 0.02, P-value 40.05; Table 2 ). For AM2B1, all pairwise comparisons were significant, except between Senegal and Portugal (Table 2) . Pairwise F ST values between South Africa and the other sampling sites ranged from 0.15 to 0.20 for the microsatellite loci. Outlier microsatellite loci showed F ST estimates ranging from 0.30 to 0.33 (P-value o0.001; Table 2 ), while for the non-outlier microsatellite loci, the F ST was~0.06 (P-value o0.001; Table 2 ). Among the sites north of the upwelling zone all pairwise differences were significant based on the combined loci, but none were significant when only outlier loci were considered (Table 2 and Supplementary Figure S2 ). This differing pattern could be due to the difference in marker numbers and number of alleles between the outlier and putatively neutral loci and should be considered when interpreting the patterns of differentiation (Supplementary Figure S2) . All pairwise differences between sites within South Africa were not significant (Supplementary Table S4 ). The Bayesian clustering method identified South Africa as distinct from the other sites (ad hoc statistic ΔK = 2; Figures 1d and e) . Using the IMa model to estimate demographic parameters from the data, differing patterns and intensities of gene flow were identified between South Africa and the other East Atlantic locations (Table 3 ; Supplementary Figure S3) . Analyses for the combined data set (outputs available in Supplementary Data S2) indicated unidirectional gene flow from South Africa to the East Atlantic (refer to Supplementary Table S6; Table 3 and Figure 2 ). Different marker types indicated varying patterns of gene flow. Similar patterns were observed with the outlier microsatellite loci and cyt b indicating unidirectional gene flow. The combined microsatellite loci indicated bidirectional gene flow in contrast to intron AM2B1 which indicated no migration (Supplementary Table S6 ; Supplementary Figure S3 ). Using the rate of molecular evolution of cyt b calculated for threespined stickleback, the combined data set (cyt b, AM2B1 and all microsatellites) indicated a date of divergence of 220 kyr (90% HPD 77-395 kyr). This was inflated compared with the estimated divergence using only cyt b or the non-outlier microsatellite loci (~12-30 kyr). However, this coincided with the larger divergence found with the outlier microsatellite loci (200 kyr, HPD 110-280 kyr). All nuclear loci and combined loci indicated a much larger effective population size for the ancestral population. In all cases, the East Atlantic had a larger effective population size than South Africa (Supplementary Figure S3) .
DISCUSSION
Genetic structure and connectivity of P. saltatrix along the western coast of Africa The main findings of this study identified a divergence between South Africa and the rest of the East Atlantic (Portugal, Senegal and Angola) with recent asymmetrical secondary contact. The molecular markers used showed varying patterns of divergence and introgression with the nuclear loci (microsatellites and intron) showing a clear genetic break and the mtDNA current yet limited gene flow. In addition, no structure was found across biogeographic provinces of South Africa and only weak subdivision was identified in the East Atlantic from Angola to Portugal.
The major genetic pattern indicated a divergence between South Africa and the rest of the East Atlantic. The divergence estimates and the presence of gene flow identified through IMa (Figure 2 and Table 3 ) indicated a period of isolation of the South African The IMa model estimates the demographic parameters of N E (θ/4μ*generation time) for the current and ancestral population sizes, the number of migration between populations per generation N E m (2 nm) and the population divergence estimate (t/μ) in kyr.
The 90% HPD intervals are indicated in brackets.
Secondary contact in SE Atlantic P. saltatrix K Reid et al population with recent secondary contact in Angola. Several individuals from Angola shared cyt b haplotypes with South Africa. Through the sequencing of these individuals for additional mtDNA regions (CR and ND2) it was evident that ancestral polymorphism could not explain the observed patterns of shared haplotypes ( Figure 1 and Supplementary Figure S1 ). These Angolan samples of South African origin did not have new specific mutations, indicating that this secondary contact is recent, unlike other instances of secondary contact events from South-East Atlantic/Indian Ocean into the North-east Atlantic (Lithognathus mormymus; Sala-Bozano et al., 2009). Among the fish found further north (Angola, Senegal, Portugal), three haplogroups could be distinguished, although no geographical clustering was observed (Table 3 and Figure 1b ). This could be the result of the stochastic coalescent process, but could also suggest past isolation followed by secondary contacts. In the latter case, this would be most likely due to the isolation during glacial maxima as observed in many Atlantic marine species (Maggs et al., 2008; Miralles et al., 2014b) . The genetic sub-structuring identified among the sites north of Lüderitz (F ST ; and Figures 2b and c) has been observed in other species with a similar distribution to P. saltatrix (Durand et al., 2005b; Sala-Bozano et al., 2009; Durand et al., 2013) , and has been attributed to the influence of glacial refugia (Miralles et al., 2014a) and species life-histories. During glacial periods, a number of species moved southwards from the North-east Atlantic due to the lack of suitable habitats, colder sea-surface temperatures and the reduction of connection between the North Atlantic and Mediterranean Sea (Maggs et al., 2008; Miralles et al., 2014b; Silva et al., 2014a) . These results indicate that some southern locations are likely past refugia for marine species (Durand et al., 2005b) . This might be the case for Angola, as it harbors a large amount of genetic diversity in all markers considered (Figures 1b and c ; Table 1; Supplementary Table 3) ; this should be further explored.
The South African population that extends across two distinct biogeographic regions did not show any evidence to support divergence across the Agulhas-Benguela transition (Hedger et al., 2010; Teske et al., 2011) . The F-statistics and the Bayesian clustering analyses supported a single population. This is in contrast to the previous results that found levels of residency in a coastal embayment (Hedger et al., 2010) , indicating the possibility of two spawning locations, one on the west coast and one on the south coast of South Africa. The lack of genetic subdivision across the biogeographic barrier may be explained by the annual spawning migration of the species to coastal sites in the sub-tropical region of South Africa (Figure 1 ; Van der Elst, 1976) . Moreover, it is well established that only a small amount of gene flow between separate populations (especially in marine species with large population sizes) could mask the genetic signal of distinct stocks (Hauser and Carvalho, 2008) . Finally, P. saltatrix could have contrasting life-history strategies along the coasts of South Africa with only a portion of the population undertaking a spawning migration and another portion being residential (Hedger et al., 2010) . This would again challenge the detection of distinct stocks. Although this phylogeographic transition has been described in a number of coastal inshore species (reviewed Teske et al., 2011 Teske et al., , 2014 , it is not a consistent barrier even for marine fish species with residential adults. These results indicate that the transport of pelagic larvae across this barrier is possible (Teske et al., 2010 (Teske et al., , 2011 and that P. saltatrix is a good example of such a species with a single genetic stock around South Africa.
The Benguela current upwelling zone as a barrier to gene flow The strong divergence of P. saltatrix between South Africa and the rest of the East Atlantic can be explained by the Benguela upwelling region, which appears to be the main generator of divergence in the region when considering other marine species. Studies have shown that this upwelling zone acts as a barrier to gene flow in Lichia amia and Atractoscion aequidens (Henriques et al., 2012 (Henriques et al., , 2014 and unique lineages/haplogroups to South Africa were observed in numerous species (for example, Membranipora membranacea and Lithognatus mormyrus; Schwaninger, 2008; Sala-Bozano et al., 2009; Teske et al., 2011) . It is therefore likely that the Benguela upwelling zone is mostly impermeable, especially for shallow water species as it creates an unstable environment that restricts movement of larvae. However, limited bi-directional gene flow across the barrier has been observed in Agyrosomus inodorus, which suggests that the barrier can be partially permeable (Henriques et al., 2015) , corroborating the results of a previous tagging study in Namibia (Kirchner and Holtzhausen, 2001) .
On the basis of the known thermal range of eggs (18-22°C; Norcross et al., 1974) , early-life stages (17-24°C) and adults (12-30°C, Fahay et al., 1999) of P. saltatrix, the cold water (range 11-15°C, Hardman-Mountford et al., 2003) associated with the large upwelling zone around Lüderitz is probably the main environmental barrier limiting gene flow. Therefore, movement across the upwelling zone is more likely to be infrequent and achieved by migrating adults during environmental anomalies, or could be a historical colonization during glacial periods (Miralles et al., 2014b) . However, as the mtDNA Secondary contact in SE Atlantic P. saltatrix K Reid et al suggests that the secondary contact is relatively recent, it is possible that secondary contact may occur during the Benguela El Niño events, which are characterized by pole-ward intrusions of warm water from the Angolan current (Florenchie et al., 2003) . In addition, due to the upper thermal tolerance of the eggs and larvae (Norcross et al., 1974) , it is unlikely that they could readily traverse the tropical barrier. If this is the case, the extent of connectivity observed among the locations north of the upwelling zone thus either reflects a signature of a recent secondary contact with neutral regions introgressed, or continuous events of adult migration between locations. Ecological studies have shown that P. saltatrix is characterized by contrasting life-history traits between different locations across the East Atlantic and around South Africa. These may contribute to the observed patterns and directionality of secondary contact. The spawning period varies latitudinally, with populations in South Africa and Angola spawning September-March, in Senegal May-July and October-November and in the Western Mediterranean around July-August (Juanes et al., 1996) . The nursery and spawning habitats also vary between regions (Juanes et al., 1996; Bealey, 2014) . A large portion of the South African population undertakes an extensive migration annually to suitable spawning habitat, whereas in Angola the narrow distribution range of the population provides adequate temperatures for spawning during November-December and no spawning migration has been observed (WM Potts, personal observation).
Although this species shows variations in life-history characteristics within the study area, none of these can fully explain the genetic patterns observed, that is, the deep divergence of South Africa and the high connectivity among the locations further north of the upwelling zone. However, these variations in life-history traits likely also affect the ability for isolated populations to reconnect in this region.
Genetic heterogeneity across the genome of P. saltatrix The presented data showed a range of genetic divergences, from moderate divergences observed across this barrier to uncharacteristically high divergence for marine fish at five outlier loci (F ST~0 .30 Po0.001; Table 2, Figure 2 ), as well as at a nuclear intron AM2B1 (F ST~0 .5 Po0.001). Such contrasting levels of divergence across the genome in P. saltatrix may be due to endogenous barriers leading to lack of introgression after secondary contact caused by DobzhanskyMuller incompatibilities (Bierne et al., 2011) .
The high proportion of outliers observed in our data (38%) and the clear evidence of a recent secondary contact across a semi-permeable oceanographic barrier indicates a plausible scenario of genome incompatibilities leading to variation in nuclear divergence patterns in P. saltatrix. Adaptive divergence would not lead to this high percentage of outliers as this process is normally observed at only a small fraction of the genome (0.002%; Meirmans, 2015) . This high number of outliers could likely be due to the location of the microsatellite loci in intergenic regions, which are likely introgressing at a slower pace than random regions of the genome in the presence of genomic incompatibilities. The mtDNA indicates a larger introgression than the nuclear loci, as 15% of the sequenced cyt b from Angola (which was only 26 samples) had South African mtDNA haplotypes, indicating that there was likely a limitation on nuclear DNA introgression. Also, if introgression was recent and inconsistent mixing after secondary contact occurred (as is likely the case of P. saltatrix) only small portions of the South African genomic DNA would be present in the Angolan P. saltatrix and these signals could be maintained for many generations (Bierne et al., 2011 .
The mtDNA divergence time points to a recent colonization and establishment of the South African population from the East Atlantic as indicated by IMa based on the calibration of demographic transition mutation rate (Table 3) . However, portions of the nuclear genome appear to indicate much older divergence with almost no evidence of nuclear introgression, especially for the microsatellite outlier loci and the nuclear intron (Table 3 and Figures 1c and 2) . When divergence occurs across a natural barrier we would expect a more uniform signal across the genome, as suggested by Bierne et al. (2011) . After secondary contact in such a scenario, the neutral regions of the genome will be able to freely introgress. This is not the case in P. saltatrix where the main evidence for secondary contact is identified through mitochondrial introgression with almost no nuclear introgression. In addition, even though the upwelling zone has been identified to be a barrier to gene flow in several cases, it does not restrict all species movement in the region. Species with similar life-history characteristics to P. saltatrix (that is, adult dispersal potential) are more likely to cross the barrier sporadically than species with highly sedentary adults. This natural barrier indicates a phylogenetic break in many marine species but this upwelling zone is not always persistent and its strength fluctuates during seasons and climatic anomalies (Florenchie et al., 2003; Hutchings et al., 2009) . Therefore, this explains the genetic breaks in several species, but not necessarily the maintenance of genetic differentiation in such a marine habitat.
CONCLUSIONS
Understanding why certain genomic regions are unable to introgress (either due to exogenous or endogenous barriers) provides insight into the evolution of species. Here we have shown a likely recent secondary contact event between the South African and Angolan populations of P. saltatrix, with contrasted nuclear introgression between genomic regions. Also, a deep divergence was observed across a limited geographic distance (1500 km), while genetic homogeneity was observed across a large region of the East Atlantic from Angola to Portugal and along the South African coast. Future research across this region should focus on several species with continuous sampling to better understand the role this barrier has in the maintenance of divergence of species distributed on either side. In addition, these contrasted signals within P. saltatrix will be better understood through comparisons with the other populations distributed globally and the implementation of genomics approaches.
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